Membranes of uncomplexed polyurethanes (PUs) were prepared by hydroxyl-terminated polybutadiene (HTPB), 4,4 Hdicyclohexylmethane diisocyanate (H 12 MDI) and 1,4-butane diol (1,4-BD). While complexed PUs were prepared by using Nmethyl diethanol (MDEA) as the chain extender of which the tertiary amines were complexed with cupric ions. Molar ratio of protein adsorption of ®brinogen to albumin (F/A molar ratio) on polymer surface was measured. The F/A molar ratio was affected by surface composition. The surface composition was identi®ed by ESCA measurement and quanti®ed by the absorption ratio of carbonyl group to butadiene group (C=O/C=C ratio) on the FTIR±ATR spectra. Low F/A molar ratio and high contact angle were found on these PUs. The F/A molar ratio was decreased by the increase of soft segment or C±H bond dispersed on the surface. Frequency difference (Á#) and shiftment, hydrogen bonding index (HBI) and glass transition temperature difference (ÁT g ) as a measure of phase homogeneity and the average strength of interpolymer hydrogen bonds were utilized to study the change of surface composition and intermolecular interaction of the prepared PUs. The effect of hard segment content, cupric chloride content on the surface composition and F/A molar ratio were investigated. #
Introduction
When a polymer is dipped in blood, in a few seconds adsorption of biomolecules of cells (usually proteins) takes place. The surface of a polymer is then in direct contact with biological components. The passivation of a surface because of the presence of albumin on it is in contrast to the increased adhesion of biological cells (platelet, bacteria, etc.) in the presence of ®brinogen [1, 2] . Protein adsorption on a polymer has been thought to be important for the adhesion of platelet and blood compatibility [3, 4] .
Protein adsorption depends greatly on the surface composition and morphology of the biomaterial. Biomaterials either with superhydrophobic or superhydrophilic surface show a lower protein adsorption rate [4] . A study of lower surface energy soft segment on the surface may be important for its application to the biomaterial ®eld [5] . Hydroxyl-terminated polybutadiene (HTPB) has been used in this study because it possesses lower surface energy and may induce a superhydrophobic surface of polyurethane (PU) polymer. Subsequent changes in composition on the air± polymer interface of these PUs occurred because polymer chains at the air±polymer interface are in an unsymmetrical environment in comparison with that within the polymer [6] .
There are many studies aimed at discussing the effect of surface composition on protein adsorption on a polymer. It is reported that albumin has thromboresistant ability whereas ®brinogen promotes platelet adhesion on a polymer surface [7] . PUs containing long linear alkyl main chains are able to adsorb albumin and preferentially exhibited an improved haemocompatibility [8] . And it is believed that the ability of a polymer surface to promote platelet adhesion and activation is correlated to the adsorbed or deposited concentration ratio of ®brinogen to albumin [9, 10] .
This study attempted to prepare uncomplexed PUs with different hard segment content and complexed PUs with different cupric chloride content. The surface composition of these PUs were investigated by the change of C=O/C=C ratio and measured by FTIR± ATR. ESCA analysis was used to determine whether the surface composition of PUs with polybutadiene as soft segment had the major parts of butadiene content [11] . The polarity of the polymer surface can be determined by contact angle measurement. The measurements of DSC and FTIR were used to identify the degree of complexation and morphology change. The C=O/C=C ratio, IR frequency difference and shift and glass transition temperature difference were used for the identi®cation of surface composition and phase homogeneity and for the effect on the ®brinogen to albumin (F/A) adsorption molar ratio of these PUs.
Experimental

Materials
The chemicals used in this study were 4,4
H -dicyclohexylmethane diisocyanate (H 12 MDI, Desmodur W of Mobay), hydroxyl-terminated polybutadiene (equivalent weight of 1333 with an approximate 60 wt.% of trans-1,4, 20 wt.% of cis-1,4 and 20 wt.% of vinyl-1,2, R-45M of ARCO). 1,4-Butane diol (1, and N-methyldiethanolamine (MDEA) were used as chain extender for uncomplexed and complexed PUs, respectively. Dibutyltin dilaurate (DBTDL) was used as catalyst and cupric chloride as the complexation reagent. Toluene and dimethylformamide (DMF) were used as solvents. Polyols of PPG (polyoxypropylene glycol) and PBA (polybutylene adipate glycol) of M.W. 2000 were used for the preparation of PUs also. Fibrinogen from human plasma (M.W. 341 000) and albumin from human serum (M.W. 68 000) (Sigma) were used. Sodium citrate, sodium phosphate and sodium chloride (Merck) were used for the preparation of CPBS buffer solution. Triton X-100 and dodecyl sodium sulfate and sodium hydroxide were used for the preparation of desorbed solution for protein from the polymer surface.
Preparation of polyurethane membranes
The two-stage uncomplexed polyurethanes with three different equivalent ratios of polyol/H 12 MDI/ 1,4-BD (1/4/3, 1/8/7 and 1/12/11) were polymerized by solution polymerization method. Detailed procedures for polymerization had been reported in a previous publication [12] . All these dried membranes under study were 90 mm thick. Complexed PUs were prepared by adding cupric chloride to the PU solutions with MDEA as chain extender and three different equivalent ratios of HTPB/H 12 MDI/MDEA (1/4/3, 1/8/7 and 1/12/11, respectively). Cupric chloride with MDEA of 1/3 or 1/4 molar ratio content was added to the above three HTPB±H 12 MDI±MDEA based PUs, respectively. The dried, complexed PU ®lms were peeled from the plate after it had been kept for sometime in the refrigerator and then frozen for several hours. All these PUs were then put in an oven under vacuum at 708C for 48 h for further degassing of the solvent residue. Finally, the samples were kept under a vacuum at room temperature for at least 5 days prior to the test. Complexed PU ®lms of different compositions in this study are denoted, for instance, 11211±1/ 3Cu or 187±1/4Cu. The numbers 11211 and 187 represent the equivalent ratio of HTPB/H 12 MDI/ MDEA1/12/11 and 1/8/7, respectively. 1/3Cu or 1/4Cu means the addition of 1/3 or 1/4 molar ratio of cupric chloride with MDEA content to the PU composition, respectively.
Infrared spectroscopy
Infrared spectra of PU were obtained by using a JASCO FTIR-310E spectrometer. Spectra were collected at a resolution of 2 cm À1 . The peak due to hydrogen-bonded C=O stretching is centered at about 1700 cm À1 and that due to free C=O stretching is centered at about 1717 cm À1 , while the peak of bonded ±NH stretching is at 3320 cm À1 and that of free ±NH stretching is at 3442 cm À1 . Hydrogenbonded carbonyl (or ±NH) bands will correspond to those groups that are in the interior of hard segments, while the free bands may correspond to those groups in the hard segment domains or in the soft domains or at the interface [13] . In these butadiene-containing PUs, hydrogen bonding occurs only between urethane segments since the carbonyl group in the urethane linkage and the urethane alkoxy oxygen are the only proton acceptors. The extent of the carbonyl group participating in hydrogen bonding is expressed by hydrogen bonding index (HBI), which is the relative absorbances of the hydrogen bonded carbonyl peak (A C=O, bonded ) to that of free hydrogen bonded carbonyl peak (A C=O , free) [14] . The frequency difference is de®ned as Á# # f À # b , where # f and # b are the frequencies of maximum absorption for the free and hydrogen bonded ±NH group, respectively. The frequency difference in the stretching frequency is considered as a measure of the strength of the hydrogen bond between molecules.
The infrared absorbance of carbonyl group measured by FTIR±ATR are calculated by the addition of the respective hydrogen bonded C=O absorbance peak height and free C=O absorbance peak height. The total absorbances of carbonyl group can be used as an indication of hard segment content on surface. The infrared absorption band of butadiene soft segment are trans-1,4 form at 972 cm À1 , 1,2 form at 912 cm À1 and cis-1,4 form at 685 cm À1 [15] . The C=O/C=C absorbance ratio is the ratio of total C=O absorbance peak height with trans-1,4 form absorbance peak height. The C=O/C=C absorbance ratio can then be used as the ratio of hard segment content to soft segment content. Larger value of C=O/C=C ratio indicates that more hard segment content are dispersed on the surface.
ESCA measurements
ESCA data were obtained by using a Perkin±Elmer PHI 590 SAM/ESCA instrument, equipped with digital PDP 11/04 computer. The spectra were collected using exciting radiation from MgK (h# 1253.6 eV) operated at a pressure lower than 5Â10 À8 Pa, 250 W. A survey scan (0±1000 eV binding energy) to determine the elemental composition of PU elastomer was conducted at an analyzer pass energy of 1000 eV. For high resolution studies, the pass energy was reduced to 25 eV. The atomic sensitivity factors (ASF) of the elements were taken into account to calculate atomic ratios.
Contact angle measurement
The contact angle of water was measured with a face contact angle meter CA-D type (Kyowa Interface Science Co. Ltd.). Sets of droplets (volume of approximately 1.8Â10
À2 cm 3 ) of water were placed on a membrane covered with ®xing knob. The dimensions of the droplets were measured approximately 10 s after placing the droplets on the knob. The droplets must be small enough so that their shapes approximate a sphere. The contact angle was calculated by the following condition:
where h is the height of the spherical segment and r is the radius of the spherical segment.
Protein adsorption measurements
The PU ®lms with 8 cm 2 surface area were immersed into CPBS buffer solution (0.01 M sodium citrate, 0.01 M sodium phosphate, 0.12 M sodium chloride, pH 7.4) for 12 h [16] . Protein concentrations of albumin and ®brinogen were 1.0 and 0.2 mg/ml, respectively, in CPBS buffer solution. The ®lm surface was then quickly blotted with absorbent paper to remove surface buffer solution. The ®lms were then ®lled with 2 ml of protein solution at 308C for 1 h. After desorption, the ®lms were then rinsed with deionized water. The absorbed proteins were desorbed with solution of 1% Triton X-100 and 1% dodecyl sodium sulfate in 0.01 N NaOH at 308C with agitating at 100 rpm for 1 h. Afterwards buffer solution with pH 9.3, which compose of both 0.05 M boric acid and KCl, was added into the desorbed proteins. 0.5 ml uorescamine solution with a 3 : 2 volume ratio in acetone (20 mg/100 ml) were added to the mixture with vigorous stirring. The protein quantity was determined by a¯uorescence spectrophotometer (Hitachi, F-2000) and the¯uorescence intensity was measured at 392 nm with excitation and at 491 nm with emission. Lower F/A molar ratio means more adsorption of albumin or less ®brinogen deposition or both possessed on the polymer surface.
Differential scanning calorimeter
A du pont 9000 instrument was used for DSC measurement, using liquid nitrogen for cooling and with a heating rate of 108C/min in temperature range between À120 and 1508C. Glass transition temperature of soft segment (T gs ) and hard segment (T gh ) were measured and hence, glass transition temperature difference (ÁT g ) between T gh and T gs was calculated.
Result and discussion
ESCA measurement
In order to examine the C=O/C=C ratio on the air face composition, ESCA analysis was used to calculate the ratio of oxygen to carbon atom (O/C) [17, 18] . The peak of the oxygen element, which appears at 534 eV on ESCA spectra, indicates that the hard segment is on the PU polymer surface, while that of carbon element appears at 287 eV, and this means that the soft segment is on the surface. The peak area ratio between oxygen and carbon element is expressed by O/C ratio and can be used as the ratio of hard segment content to soft segment content on the surface. The larger ratio of O/C ratio indicates that more hard segment are dispersed on the polymer surface. Fig. 1 shows that O/C ratio increases as the increase of C=O/C=C ratio. The increase of C=O/C=C ratio and the O/C ratio both mean that more hard segment content are dispersed on the polymer surface. The result indicates that the C=O/C=C ratio can be used to investigate the change of surface composition.
Contact angle measurement
The water contact angle experiment was used to estimate the surface hydrophilicity. A higher contact angle value indicates less hydrophilicity, suggesting the higher nonpolar HTPB soft segment dispersed on these butadiene-containing PUs polymer surface. The results are shown in Tables 1 and 2 . Three polyols, PBA, PPG and HTPB were used to synthesize different types of PU for contact angle and protein tests. As shown in Table 1 , the contact angle falls in the following sequence: HTPB > PPG > PBA. The surface of HTPB-based PU possesses the highest contact angle value, and this may be because the polarity of HTPB is the lowest one among these three polyols, as shown in Table 3 . In general, the air±polymer interface possesses more nonpolar soft segment, while that on the glass face has more polar hard segment content [6, 11] . On the other hand, hydrogen bonding (i.e. intermolecular interaction) of these butadiene-containing PUs occurs only between urethane segments. From the above two explanations of polarity and intermolecular interaction, soft segment of HTPB will be easily dispersed on the polymer surface than the other two polyols based PUs. While the results of Table 2 are explained in Section 3.5. Table 1 shows that the F/A molar ratio decrease in the following sequence: HTPB < PPG < PBA. The reason may be that more HTPB soft segment dispersed on the surface than the other two polyols based PUs. The reason is that the surface of HTPB-based PU is more hydrophobic than the other two types of PU, which has been explained in Section 3.2. By the way, it has been reported that alkyl-grafted SPUs or the introduction of long alkyl side chain onto a PU have been shown to reduce platelet deposition and enhance in vitro albumin adsorption [18, 19] . So that more soft segment dispersed on the polymer surface than the other two types of PUs which may be the reason for the lowest F/A molar ratio of HTPB-based PU.
Effect of polyol type
Effect of hard segment content
Three different equivalent ratios, 1/4/3, 1/8/7 and 1/ 12/11, of HTPB±H 12 MDI±1,4-BD based PUs with hard segment content of 33.08, 50.56, 60.79 wt.% were prepared. Fig. 2 shows that the F/A molar ratio and C=O/C=C ratio are increased as the increase of hard segment content. The enlargement of hard segment aggregation and the restriction of soft segment, moving toward polymer surface, are all increased as the increase of hard segment content. The overall composition distribution is more even in accordance with the increase of hard segment content. On the other hand, Fig. 3 shows that the HBI value increases as the hard segment content increases. This may indicate that more hard segments are aggregated together and the phase homogeneity increased, and hence the surface composition will be rich in hard segment as the hard segment content increases. Films with high hard segment content will have a low af®nity for albumin adsorption (or high F/A molar ratio) due to the increase of C=O/C=C ratio or hard segment content on the surface as explained in Section 3.3.
Effect of cupric chloride addition
HTPB±H 12 MDI±MDEA based PU complexes with three equivalent ratio of 1/4/3, 1/8/7 and 1/12/11 were prepared by complexing cupric ion with the tertiary amine of MDEA. It was due to poor ®lm formation; our studies were restricted to ®lm containing cupric chloride lower than a 1/2CuCl2 to MDEA molar ratio. The ®lm property of the ones containing lower than a 1/5 molar ratio of cupric ions were essentially the same as the one without any cupric ion complexation. As was shown in Fig. 4 , the F/A molar ratio of all three types of PU ®lms containing 1/4CuCl2/MDEA molar ratio were lower than those of zero cupric chloride content, while the ®lm with 1/3 molar ratio of cupric chloride had an increased F/A molar ratio.
The explanation may be that the cupric ion interacts with the tertiary amine of MDEA as well as the carbonyl and secondary amine in urethane linkage [20] . The addition of cupric chloride may destroy the hydrogen bonding between hard segments. Hydrogen bonding of PU ®lms containing 1/4 molar ratio of cupric chloride may only has little disruption and the intermolecular attraction between hard and soft seg- ment will increase due to the ionic bonding of cupric ion and hard segment. The phase separation between hard and soft segment of PU ®lms containing 1/4 molar ratio of cupric chloride and the migration of soft segment toward polymer surface are all increased due to the increase of intermolecular attraction between hard and hard segments. While the destruction of hydrogen bonding and free C=O or N±H groups participation in the soft segment is increased, just as the ®lm containing 1/3CuCl 2 /MDEA molar ratio. Then the phase homogeneity and hard segment content (i.e. C=O/C=C ratio) on polymer surface of PUs with 1/3 molar ratio of cupric chloride are all increased. As shown in Fig. 5 , C=O/C=C ratio on the surface has a minimum value as the PUs containing 1/4CuCl 2 /MDEA molar ratio. The change of protein adsorption property of these PU complexes can be investigated by the variation of the C=O/C=C ratio. Therefore, the addition of cupric ion will effect the binding between hard segments and subsequently induce a variation of hard segment dispersed or protein adsorption on the polymer surface. As discussed in Section 3.4, the decrease of long chain alkyl group (e.g. HTPB soft segment) dispersed on the surface of the ®lm containing 1/3CuCl 2 /MDEA molar ratio may be the reason for the increase of F/A absorption molar ratio. Table 2 shows that the variation of contact angle value has the reverse trend as the C=O/C=C does. It indicates that the polarity of complexed PUs with 1/4CuCl 2 /MDEA molar ratio possess the highest contact angle value than the other two types of PUs. This may mean that complexed PUs with 1/4CuCl 2 /MDEA molar ratio have the highest nonpolar HTPB soft segment content dispersed on the surface, which is in agreement with the result shown in Fig. 5. 3.6. Characterization of PU complex 3.6.1. Frequency difference and shiftment
Frequency difference and shiftment were utilized in this study to discuss the effect of cupric chloride content on the intermolecular interactions and morphology change. Coleman and coworkers [21] have used frequency difference between hydroxyl groups and those of hydrogen bonded hydroxyl groups as a measure of the average strength of the intermolecular interactions. In this respect the average strength of the hydrogen bonds (or Á#) between intermolecules are decreased as the cupric chloride content increased and there is a sharp decrease of frequency difference as the CuCl 2 content exceeds 1/4 molar ratio as shown in Fig. 6 . The explanation may be that the destruction of hard segment interaction increased with the increase of CuCl 2 content. Table 4 shows that the extent of wavenumber shift of C=O and N±H groups increases as the increase of cupric chloride content. Since the cupric ion interacts with the tertiary amine of MDEA as well as the carbonyl and secondary amine in urethane linkage. Upon complexation, the energy and force constant of the N±H or C=O groups absorption increases and the absorption band is therefore shifted to a higher frequency as the addition of cupric chloride.
Differential scanning calorimeter
Figs. 7 and 8 show that the glass transition temperature of soft segment (T gs ) and hard segment (T gh ) increased as the cupric chloride content increased. The increase of T gs indicated that the decrease of soft segment mobility, which is due to more hydrogen bonded of hard segment dispersed in the soft segment. The number of C=O or N±H group of hard segment dispersed in the soft segment increases as the increase of cupric chloride content. Subsequently the¯exibility of soft segment decreased and hence the increase of T gs . While the increase of T gh indicates that the increase of hard segment content will increase the intermolecular attraction and the enlargement of hard domain. As the cupric chloride content increased, the binding between hard segments increased and hence the increase of T gh .
The effect of cupric chloride content on the morphology change may be evidenced by the difference of glass transition temperature between T gh and T gs (ÁT g ). Fig. 9 shows that ÁT g decreases as the cupric chloride content increases. The reduction in ÁT g indicates the increase of microphase homogeneity, i.e. the amount of hard segment dispersed in soft segment region increased. 
Conclusions
The increase of hard segment content of PU composition will increase the aggregation of hard segment domain and hard segment content on the surface and hence, increase the F/A molar ratio. The F/A molar ratios of complexed PUs decrease to a minimum as the ®lm with 1/4 molar ratio of cupric chloride and then increase as the cupric chloride content increase further. All the above results can be explained by the increase of soft segment content and contact angle or the decrease of C=O/C=C ratio on the polymer surface. This study imply that HTPB-based PUs possess lower F/A molar ratios and a superhydrophobic surface and be used as biomaterials for further study on blood compatibility.
